1 3 meet the ammonia demand at high level of ammonium.
6 5 6 6
In addition, the genome contains a cluster of genes for the urea degradation, including the urease 2 6 7 subunits, urea accessory proteins and urea transporter (Table S3, S6 ). These genes were highly 2 6 8 expressed under the stimulation of urea (Fig. S7C ). The urea degradation supplies ammonia to the 2 6 9 ammonia oxidation and could be used as an alternative pathway to produce energy. However, the 2 7 0 ammonia oxidation rate of Ca. Nitrosocosmicus agrestis on urea was much slower than on ammonia 2 7 1 (Fig. S7A ). Owing to urease is located in the cytoplasm (predicted by SignalP (Almagro Armenteros et al., 2019) and Pred-Signal (Bagos et al., 2009) ), the ammonia that generated from intracellular 2 7 3 urea hydrolysis could be used as N source for the growth but not enough for the energy production via 2 7 4 ammonia oxidation. Because of the ammonia in the form of NH 4 + is unable to transport from cytoplasm 2 7 5
into periplasm, only through the diffusion in the form of NH 3 , which results in the low substrate 2 7 6
concentration for ammonia oxidation that taking place in the periplasmic location (Walker et al., 2010;  2 7 7 Kozlowski et al., 2016) . The ureolytic strain Ca. Nitrosocosmicus franklandus is able to completely 2 7 8
hydrolyze urea to ammonia and grow on urea as the sole source of ammonia (Lehtovirta-Morley et al., 2 7 9 2016). However, the mechanism of how urea hydrolysis or ammonia transport in this strain has not yet 2 8 0 been given. In addition, the urease gene-containing AOA were observed to dominate the autotrophic 2 8 1 ammonia oxidation in acid soils (Lu and Jia, 2013) . Expectedly, the mechanism of how urea activates 2 8 2 AOA cells remains undefined. It is thus clear that the pathway of urea metabolism fueling ammonia 2 8 3 oxidation of AOA would vary between strains and is still far from understood. gluconeogenesis and nonoxidative pentose phosphate pathways were found in the genome of Ca.
8 7
Nitrosocosmicus agrestis and generally similar to those of other AOA ( and β -classes CA were usually found in AOB species (Chain et al., 2003) . In contrast to the location of 2 9 5
Cam in periplasmic, the CamH and β -CA of Ca. Nitrosocosmicus with no signal peptide are located in 2 9 6
cytosolic. Periplasmic CA might constitute an adaption to the discontinuous soils with low CO 2 2 9 7
availability (Kerou, Offre, et al., 2016) . The presence of cytosolic CA in the genome suggested that Ca.
9 8
Nitrosocosmicus agrestis has an advantage in advantage in maintaining substrate concentration as well 2 9 9
as stabilizing pH in the cytoplasm. (Table S6, S7) . These protein families are important to the cell surface modification and 3 0 6
EPS production of biofilm-forming bacteria and archaea; an extensive gene encoding these proteins evergladensis) from Nitrososphaerales (Kerou, Offre, et al., 2016) . Interestingly, the genes encoding 3 0 9
LPSE are found to be unique in the genomes of Nitrosocosmicus, indicating the ability to secrete 3 1 0 polysaccharide potentially for this AOA clade (Fig. 5) . In addition, genes encoding divalent anion/Na + 3 1 1 symporter (DASS) and carbohydrate uptake transporter-1 (CUT1) were also found in the genome 3 1 2 (Table S6) . They catalyze the uptakes of C4-dicarboxylate and complex sugars in bacterial cells 3 1 3 (Hugouvieux-Cotte-Pattat et al., 2001; Strickler et al., 2009 were also found in the genome, which catalyze the conversion of arginine to polyamines, such as 3 2 6 putrescine and spermidine (Fig. 5) . Meanwhile, four copies of the gene encoding drug/metabolite 3 2 7
exporter (DME) were identified in the genome of Ca. Nitrosocosmicus agrestis (Fig. 6A) . In fact, the 3 2 8 DME encoding genes were found in the genomes of almost all of the isolated AOA ( Nitrosoarchaeum and Ca. Nitrosocosmicus were clustered into one branch, which is widely distinct 3 3 1 from the other branch consisting of Nitrosocosmicus and some bacteria and yeast (Fig. 6A ). The DME 3 3 2 family that existed in these bacteria or yeast were reported be able to mediate the excretion of amino 3 3 3 acids and polyamines (Igarashi and Kashiwagi, 2010; Nguyen et al., 2015; Lubitz et al., 2016) The relative expressions of genes involved in ammonia oxidation, arginine synthesis, polyamine AMT gene was observed to be down-regulated; however, the arginine synthesis, polyamine synthesis 3 4 4
and putative DME polyamine exporter related genes were observed to have up-regulation with the 3 4 5
increase of ammonia concentration. In addition, the gene encoding putrescine aminotransferase (PA) 3 4 6
that catalyzes the first step of putrescine degradation was also up-regulated in response to high 3 4 7 ammonia, suggesting the more production of putrescine under high ammonia. The glutamate 3 4 8 dehydrogenase (GDH) and glutamine synthetase (GS) genes were also found to be significantly 3 4 9
up-regulated, which depleted cytoplasmic ammonium and resulted in the production of glutamine, rise caused by ammonia uptake and provide more bicarbonate for carbamoylphosphate synthesis. In 3 5 3 summary, the up-regulations of genes involving in polymaines synthesis and secretion when in 3 5 4
response to high ammonia were probably responsible for the high ammonia tolerance of Ca.
5 5
Nitrosocosmicus agrestis. (Fig. 6C ).
3 5 6 3 5 7
To prove the above proposed mechanism, the energy utilization and the polymaines production were 3 5 8
studied. In contrast to the ammonia oxidation in low substrate (1 mM), the average ammonia oxidation 3 5 9 rate of Ca. Nitrosocosmicus agrestis exposing to high substrate (100 mM) was decreased to 83% ( (Fig. 7C ). In contrast to the productions under low ammonium, the 3 6 6 cadaverine concentration had no difference but the spermidine concentration was about three times 3 6 7
higher and the putrescine (10.25
) was only detected in high amm onium. In the actual situation, 3 6 8 1 9
Nitrososphaerales order 3 9 8
Nitrososphaeraceae fam. and 3 9 9
Candidatus Nitrosocosmicus agrestis sp. nov. bacteria mainly belonging to Rhizobiales (Fig. S9) ). an antibiotic mixture containing with ciprofloxacin (50mg/L) and azithromycin (50mg/L) was added.
2 2
The initial pH value was adjusted to 7.0. Ten percent (w/v) of quartz (1 mm diameter) was supplied as 4 2 3 the attachment of archaeal cells during the seed cultivation and transferred into a fresh medium.
2 2 5
Physiological characterisation 4 2 6
To prepare AOA culture for physiological characterisation, the quartzs in seed culture were collected 4 2 7
and the AOA cells attaching on quartz were washed out by using MSM; 10% eluate was inoculated into between the range of pH 6-7, 7-8, and 8-9, respectively. The effects of organics on ammonia oxidation 4 3 7
were determined in MSM supplemented with 50 mg/L each organic carbon. The genomic DNA extraction from 3,000 mL batch cultures was performed according to a previously 4 6 7 described protocol (Liu et al., 2019) . The purified DNA was fragmented to ~400 bp with the aid of an 4 6 8 M220 focused-ultrasonicator (Covaris, Woburn, USA) and subsequently used for library preparation 4 6 9 using a TruSeq ™ DNA Sample Prep Kit (Illumina, San Diego, USA). Metagenomic sequencing was 4 7 0 performed on a HiSeq X Ten sequencing system (Illumina, San Diego, USA).
7 1 7 2
The raw data was length-and quality-filtered using 
8 1
Putative transport proteins and carbohydrate-active enzymes were identified using TCDB (Saier et al., To extract total RNA from liquid culture, archaeal cells in the enrichments were collected from 4 9 5 biological triplicates by filtering through a 0.22µm cellulose filter; the filter was cut into pieces and 4 9 6 placed in a grinding tube containing 0.5 g quartz sand. RNA extraction was performed using the 4 9 7
RNAiso Plus (Takara, Dalian, China), and the first strand of cDNA synthesis was performed using the used to estimate fold change in gene expression, normalized to the endogenous control 16S rRNA.
0 3
Primer sets (Table S9) 43 concatenated universal marker proteins from thaumarchaeota (Table S2) by maximum likelihood 7 9 7
with IQ-TREE using a LG+F+R4 model and 1000 replicates. 
0 7
Influence was evaluated by the relative mean ammonia oxidation rates of 8 days cultivation; GDH: glutamate dehydrogenase; GS: glutamine synthetase; DME: drug/metabolite exporter (DME) 8 3 4
family; CA: carbonic anhydrase; error bars indicate the standard error of the mean for technical 8 3 5
triplicates; the red arrows represent the flow of ammonia nitrogen. 
4 9
Nitrosocosmicus agrestis. Error bars indicate the standard error of the mean for biological triplicates. The SS genome has two 16S/23S operons, one of which is intact and the other lacks a partial sequence due to technical reasons for assembly (Fig. S10) . 
